Abstract: Carbon nanotubes were introduced into insulating polystyrene (PS) and poly(methyl methacrylate) (PMMA) by means of a latex-based technique. A systematic study of the effect of the polydispersity index, more particularly the presence of different amounts of low molar mass polymer, on the final composite conductivity was performed. Six latexes with varying molecular weight distributions were prepared by means of conventional free radical emulsion polymerization in the presence of different amounts of chain transfer agent, namely n-dodecyl mercaptan. Composites were prepared with both multi-walled carbon nanotubes (MWCNTs) and single-walled carbon nanotubes (SWCNTs). Shifts in the percolation threshold from 0.9 to 0.6 wt% for MWCNTs and from 0.7 to 0.4 wt% for SWCNTs were observed for PS matrix material, whereas for PMMA matrix material the percolation thresholds shifted from 0.6 to 0.3 wt% for MWCNTs and 0.35 to 0.2 wt% for SWCNTs upon increasing the amount of low molecular weight polymer in the polymer matrix.
Introduction
The use of carbon nanotubes (CNTs) for the preparation of conductive polymeric composites is a natural choice due to their superior electrical properties [1] and low theoretical percolation threshold (ϕ p ) [2] . CNTs can be incorporated into electrically insulating polymers to make conductive composites in various ways [3] . If the percolation thresholds achieved using different processing procedures are compared, it is apparent that the orientation and final electrical properties of the composites is highly dependent on the system in question [4] . Extremely low percolation thresholds have been found for epoxy based systems, where CNT aggregation is stimulated with certain shear profiles [5, 6] . On the other hand, CNT aggregation is often the limiting factor in processing methods like solution and melt blending, which leads to composites with high percolation thresholds. Coagulative [7] or latex-based [8] techniques lead to improved CNT distribution (i.e. more homogeneous distribution) and can be used to achieve percolation thresholds around 1 and 0.3 wt%, respectively. The latex-based technique is a highly effective way of incorporating non-functionalized CNTs into polymers that can be prepared in or transformed into a latex form [8, 9] . The mechanism of this technique, giving composites with low percolation thresholds, lies within the inability of the CNTs to penetrate the latex particles. This forces the CNTs to form a "segregated network" within the interstitial spaces between the latex particles, which is largely preserved after film-formation in the absence of shear [10] [11] [12] [13] . The latex particles in this mechanism behave as a type of organic template for the preparation of a designed CNT network. Final composite processing can be done by either drop-casting the CNT -latex mixture to form a free-standing film (in the case of polymers with a low glass transition temperature (T g )) or hot-moulding after drying the mixture (for polymers with a T g higher than room temperature). It has been reported that the resulting conductive network can differ when either drop-casting or hot-moulding is used to prepare the composites [14] . This implies that the initial "segregate network" is sensitive to processing conditions and that the original role of the latex particles as a template can be lost. Slow solvent evaporation, in the case of drop-casted films, allows sufficient time for rearrangement of the CNTs within the matrix, leading to less tortuous network structures [14] .
For composites processed in the melt (hot-moulded), the kinetics of network equilibration will depend strongly on the type of matrix and filler in question. This type of dynamic percolation has been studied for polymer -carbon black (CB) systems [15] . The mobility of the interfacial polymer layer (between filler particles) in the meltstate was found to drastically affect the percolation network of the CB nano-particles. The percolation threshold for multi-walled carbon nanotube (MWCNT) -polystyrene (PS) composites prepared by means of hot-moulding has also been shown to be heavily influenced by the processing time and temperature, the latter parameter significantly influencing the viscosity and flow of the melt [16] . Both the CNTs and latex particles in these instances are covered with surfactant, and the role which this surfactant might play on the final conductive nature of the composite is a subject of debate [17] . The presence of a surfactant, like sodium dodecyl sulfate (SDS), at the interface between two adjacent CNTs is likely to disrupt the flow of electrons between the two tubes (the fact that SDS has a lower dielectric constant than PS must be taken into account) [18] . If the CNTs are indeed still covered by a layer of surfactant, the charged head groups will also increase the distance between two adjacent CNTs (hemi-cylindrical SDS aggregates on graphite surfaces are found to have an average height of 17.3 Å [19] ), which in turn will negatively influence the probability of electron tunnelling [20] . Displacing the surfactant from the surface of the CNTs is therefore favourable for conductivity.
Conventional polymers used in the latex-based technique are generally of a very high molecular weight (normally produced by conventional free radical emulsion polymerization). These high molecular weight chains have very low mobility in the melt, resulting in a lower probability of CNT surface wetting and of surfactant displacement [21] . The introduction of low molecular weight polymer seems therefore a promising technique to attempt to displace the surfactant from the CNT surface during melt -processing. The role of polymer at the inter-tube junctions has been explored with relation to the percolation threshold dependence on the thickness of this polymer layer [22] . It was reported that reductions in the percolation threshold value and ultimate conductivity could result with increasing interfacial layer thickness. In conclusion it can be seen that the molecular weight of the matrix polymer could have a two-fold action on the formation of the percolating network of CNTs within it. It could manipulate the dynamic percolation as well as the electron tunnelling probability (and ultimate conductivity). Systematic study of these actions requires a designed polymer molecular weight distribution (MWD). Chain transfer agents (CTA), like mercaptans, are commonly used in emulsion polymerization processes to adjust or to tailor the MWD of the polymer products formed [23] . The hydrophobic CTA is transported from the monomer droplets through the aqueous phase to the locus of polymerization, where the molecular weight control takes place. Each polymer particle is a replica of the next (i.e. the MWD profile is identical for all particles).
In this work, a range of PS and PMMA latexes were prepared with unique MWDs. These latexes were then used to prepare CNT -polymer composites by means of a latex-based route [24] . Both single-walled carbon nanotubes (SWCNTs) and MWCNTs were investigated and percolation thresholds for all four matrix -CNT combinations were determined.
Results and discussion

Conventional free radical emulsion polymerization
In this work, four different MWD profiles were targeted for PS latexes: (i) a monomodal distribution with a high molecular weight peak representing a standard emulsion polymerization product (latex 1), (ii) a bimodal MWD with a large high molecular weight peak and smaller low molecular weight peak (latex 2), (iii) a bimodal MWD with comparable high and low molecular weight peaks (latex 3) and (iv) a very broad monomodal distribution with a high molecular weight peak (latex 4). Two PMMA latexes were targeted: (v) a monomodal distribution with a high molecular weight peak representing a standard emulsion polymerization product (latex 5) and (vi) a bimodal MWD with comparable high and low molecular weight peaks (latex 6). MWDs can be readily controlled in free radical emulsion polymerization using ndodecyl mercaptan (n-C12) as a CTA [25] . Based on the results obtained by Mendoza et al., the recipe was modified to meet the requirements (with respect to MWDs) as stated above. Figure 1 presents the conversion-time histories for the six different polymerizations performed.
Conventional chain transfer agents do not alter the rate of polymerization, and hence the four PS and two PMMA polymerizations display a comparable conversion-time history (within each monomer type), despite various feeding strategies applied and different amounts of CTA added. The resulting latexes were characterized to determine their particle size distributions (PSD) and MWDs, see Table 1 .
Tab. 1. Morphological and molecular properties of the prepared latexes: PSD, MWD, polydispersity index (PDI) and average particle size (d p ). The addition of CTA as well as the feeding strategy proved to have a negligible influence on the final particle size of the latex product. This indicates that the microscopic properties of the resulting latexes are comparable (within each monomer type) and that any difference measured in the electrical and/or thermal properties of the composites made are due to differences on the molecular level. An important property of these latexes for their application in the preparation of polymer -CNT composites is the ratio between the amount of high and low molecular weight polymer present in the particles. The surface area of the signal generated by the differential refraction index (DRI) detector is a good approximation for the amount of polymer in the sample with the corresponding molecular weight. The ratio between the amount of high and low molecular weight polymer, defined as the peak ratio (β), can consequently be determined by integrating the corresponding high and low MWD as obtained from size exclusion chromatography (SEC), see Equation 1.
Latex
The high molecular weight peak, present in every single MWD, is due to the (uncontrolled) free radical emulsion polymerization occurring prior to the CTA addition. The low molecular weight peak or tail is formed in the later stages of the polymerization, when the CTA is present in the particles. As mentioned before, the Table 1 . DSC was performed on the six latexes prepared in order to determine the extent to which latexes 2 to 4 and 6 are plasticised by the presence of high amounts of low molecular weight material. The results given in Figure 4 and 5 confirm that the higher the relative amount of low molecular weight material, the lower the T g [26] . This implies that at a set processing temperature (180 o C) for the PS latexes the viscosity of latex 4 will be the lowest, and that of latex 1 will be the highest, whilst for the PMMA latexes the viscosity of latex 6 will be lower than that of latex 5 [27] . The implications that this has on the percolation threshold of the composites is discussed below. 
Composite conductivities and percolation thresholds
Composites were prepared using latex 1 to 6 and a range of weight fractions of SDSstabilized MWCNTs and SWCNTs. The electrical conductivities were determined and the percolation thresholds were estimated for the six latexes. The percolation thresholds were determined as previously described [16] . The results of the conductivity measurements are summarized in Figure 6 . A decreasing trend of the percolation threshold value (ϕ p ) from latex 1 to 4 ( Figure 6 (i)) can be seen for PS -MWCNT composites (beyond experimental error, which is estimated to be approx. 10% of the percolation threshold [16] ). All the maximum achievable conductivities are within the same range. To ascertain any possible influence of the CTA itself on the composite conductivity, one reference film was prepared by adding an amount of CTA to a normal composite formulation (using latex 1). No significant change in the composite conductivity was observed. The change in ϕ p is most apparent when comparing latexes 1 and 2 versus 3 and 4. The threshold value is around 1.1 wt% for 1 and 0.8 wt% for 2, and around 0.6 wt% for 3 and 4. A similar downward shift in conductivity when introducing low molecular weight material is observed for PS -SWCNT composites. Here only percolation thresholds were constructed for latexes 1 and 4. The ϕ p value is decreased from 0.7 wt% to 0.5 wt% (see Figure 6 (iii)). The results obtained for PMMA composites are similar to the previous PS based composites. From Figure 6 (ii) it can be seen that with the introduction of low molecular weight material, the ϕ p value changes from 0.6 to 0.3 wt% for composites prepared with MWCNTs. For SWCNTs, Figure 6 (iv), a shift from 0.35 to 0.2 wt% is observed.
One interesting point of attention is the ultimate conductivity that is achieved for the four different composite systems. There is a minimal difference in composite conductivity above the percolation threshold when comparing both matrix materials, as well as MWCNTs and SWCNTs. It has been proposed that composites with well dispersed CNTs will show ultimate conductivities that are influenced mainly by polymer tunneling barriers [4] . For this reason the maximum conductivity achievable is linked to the matrix electrical properties. The polarizability of the matrix material within inter-tube junctions could influence the electron tunneling efficiency across such a junction [28] . The dielectric constant (ε) of PMMA is slightly higher than that of PS, 3.5 as compared to 2.5. In the approximation given by Kyrylyuk et al. [28] , the contribution of ε to changes in the electron tunneling distance is small in comparison to possible changes due to the difference in CNT conductivity. Therefore it seems reasonable to see minimal differences between PS and PMMA. The presence of residual surfactant on the CNT surface could also play an important role on the intertube distance. Changes in the matrix glass transition temperatures have been observed in CNT -polymer composites, and this effect was attributed to absorption of polymer onto the CNT interface (i.e. displacing of the SDS layer) [17] . Within this study a similar investigation into possible shifts in the T g of the matrix materials was performed with DSC. Shifts of approximately 5 o C were observed for SWCNT -PS systems, but similar shifts were not observed when MWCNTs were used. This can be attributed to a difference in surface area between MWCNTs and SWCNTs. No clear trends could be extracted when comparing PS and PMMA systems which the authors believe is highly likely due to the non-comparable interactions of the two matrix materials to the CNT interfaces. Such changes in interactions have previously been reported for other nanoparticles [29, 30] . It can therefore not be ascertained to what exact degree SDS displacement has taken place within the reported systems. The percolation threshold and maximum conductivity have been shown here and in previous studies [16, 17] to depend on the rheological characteristics of the matrix material. The possibility for CNT rearrangement towards an equilibrium conformation can reduce the inter-tube junction distance (ξ) and concomitantly result in an increase in the resulting conductivity [20] . An unchanged ultimate conductivity however indicates that the inter-particle tunneling boundaries are similar in all cases. If this is the case, the lowering in percolation threshold will simply be due to the creation of contacts at lower loadings (due to partial aggregation of the CNTs). These two scenarios are shown schematically in Figure 7 .
No. of contacts increases
The absence of strong evidence that SDS displacement has taken place (with the introduction of low molecular weight material) suggests that it is very likely that the inter-particle distance will be similar in all CNT -polymer composites investigated in this work. This substantiates the lack of a distinct increase in the ultimate conductivity. One other important factor is the relaxation time (equilibration time) of the system as a function of the carbon nanotube loading. For composites with CNT loadings above the percolation threshold, a high degree of CNT entanglement is expected. This will increase the overall viscosity of the system. We suggest that changes in the melt viscosity might not induce a large change in the inter-particle distance above the percolation threshold due to a longer timescale for network equilibration. This argument was also reported in a recent paper from our group on the influence of processing conditions on MWCNT -polymer composite conductivity [16] . Given the lack of a detailed description of the conduction method in highly complex systems such as ours, a more explicit theory development seems vacuous and is left for future work.
Ultimately the quality of the carbon nanotube will play the most influential role on the conductive nature of the final composite. A substantial increase in ultimate conductivity (beyond the percolation threshold) with a decrease in melt-viscosity was reported for systems in which the inherent SWCNT conductivity was much lower than those used in the composites present here [17] . The higher inherent conductivity of the CNTs used in this study could explain the absence of a large increase in ultimate conductivity. Differences in ultimate conductivities have been shown to vary widely across different CNT batches, thus making comparisons between different systems highly inaccurate [31] . Results presented here are not only in agreement with the report on the decrease in percolation threshold with our earlier work [16] (it should be further noted that the MWCNTs used in these two studies are of the same batch), but also agree with those reported for carbon black filled polymers [15] .
Conclusions
We have shown that the MWD of the matrix material can strongly affect the percolation threshold of CNTs within both PMMA and PS matrixes. This indicates that the influence of low molar mass matrix material is important for different types of matrixes, and most probably can be generalized. For both SWCNTs and MWCNTs dispersed in either of the matrixes, a significant decrease in the percolation threshold was observed upon the introduction of low molecular weight polymer, the shift being most pronounced for higher amounts of low molar mass polymer. A critical minimum loading of low molecular weight polymer is required to obtain a maximum reduction correlating to a completely equilibrated network structure. The origin of this affect can be twofold: changes in MWD leads to rheological changes of the melt (i.e. decrease in melt viscosity) and low molecular weight polymer may replace SDS from the CNT surface (thereby changing the inter-tube distances and/or electrical conduction across junctions). Minimal changes in the ultimate conductivity suggest that the tunneling behaviour across inter-tube junctions is similar in all systems. Rheological changes can influence the extent to which the CNTs reach an equilibrium conformation during the processing stages of the composite preparation. Whether this equilibrium conformation is more or less aggregated than the initial dispersion state is not clear, but it can definitely be said that allowing the composite to reach this state can be beneficial when trying to minimize the ϕ p value.
The latex-based technique for introducing CNTs into polymers was originally designed with the idea that the arrangement of the CNTs between the latex particles would be preserved into the final composite. From this work it is apparent that to prepare an optimized composite (i.e. lowest percolation threshold), it is more favorable to allow a certain degree of rearrangement of the CNTs within the composite melt-state. This could have an impact on composite formulations and processing conditions.
Experimental
Materials
Sodium dodecyl sulfate (SDS) (90%, Merck), sodium carbonate (SC) (99%, Aldrich), sodium peroxodisulfate (SPS) (90%, Merck) and n-dodecyl mercaptan (n-C12) (97%, Fluka) were used as received. Styrene (99%, Merck) and methyl methacrylate (MMA) (99%, Aldrich) were passed over an inhibitor remover column. The inhibitor free monomers were kept under refrigeration for later use. Water used in all reactions was double de-ionized water obtained from a purification system. HiPCO® SWCNTs were purchased from Carbon Nanotechnology Inc. According to the manufacturers, the impurities were approximately 10 -15 wt% and the metal catalysts were around 5 wt%. MWCNTs were obtained from Nanocyl (Belgium), reference code Nanocyl-3100, batch number 060213. Carbon purity was given as +95%. SWCNTs and MWCNTs were used as received.
Emulsion polymerization
The (semi) batch emulsion polymerizations were performed in a 250 mL thermostated glass reactor, equipped with a reflux condenser, an argon purge inlet, four baffles and a 4-bladed stainless steel pitched blade impeller. The reactor was charged with the initial fill, see The temperature was gradually raised to the reaction temperature of 70 °C and the reactor content was simultaneously purged with argon for an hour prior to initiator addition. Injecting an aqueous solution of SPS started the polymerization. In the case of the semi-batch experiments (latexes 2 -4 and 6) the CTA was added as a solution dissolved in monomer, see 
CNT dispersions
Dispersion of both SWCNTs and MWCNTs were preformed using ultrasound provided by a Sonics Vibracell VC750 horn sonicator with a 10 mm tip diameter. The sonication power was maintained at 20 W. Dispersions were cooled using an ice bath to prevent any solvent evaporation. Dispersions of 0.2 wt% (w.r.t. the solution) CNTs and 0.4 wt% SDS were prepared (maximum volume of 20 ml). Samples were withdrawn periodically during sonication (diluted 150 times) for ultra-violet visible light (UV-Vis) spectroscopy analysis. The UV-Vis absorbance of the samples at a fixed wavelength (300 nm) was recorded. The optimal dispersion was determined by monitoring the increase in the UV-Vis absorbance with time, keeping in mind that bundled CNTs display a broad and undefined UV-Vis spectrum whereas individualized CNTs exhibit distinct absorption bands [32] . At a certain value of energy added, the UV-Vis absorbance increase levels off and this point is then taken as the minimum required time for the optimal dispersion. The energy requirement for optimal dispersion was determined to be 300 kJ for SWCNT dispersions (approx. 3 hours) and 45 kJ for MWCNT dispersions (approx. 45 min).
Polymer -CNT composite preparation
The SDS -stabilized CNT dispersions prepared were used to prepare the polymer -CNT composites. Mixtures of the six latexes and CNT dispersions were prepared such that the final CNT loading in the composite was between 0 and 2 wt% for SWCNTs and between 0 and 5 wt% for MWCNTs. As a reference, polymer films without CNTs but with added CTA were prepared so as to establish any effect of the CTA on the film conductivity. These mixtures were freeze-dried on a Christ Alpha 2-4 freeze-drier. The resulting powder was then compression moulded at 180 o C and 100 bar for 2 min on a 300G Collin Compression Press. Any residual monomer within the latex was removed during the freeze -drying step.
Analysis
-Size exclusion chromatography (SEC)
Size exclusion chromatography (SEC) was performed using a Waters GPC equipped with a Waters model 510 pump and a model 410 differential refractometer. A set of two mixed bed columns (Mixed-C, Polymer Laboratories, 30 cm, 40 o C) were used. Tetrahydrofuran stabilized with 3,5-di-tert-butyl-4-hydroxytoluene was used as the eluent, and the system was calibrated using narrow molecular weight PS standards ranging from 600 to 7 x 10 6 .
-Dynamic light scattering (DLS)
Dynamic light scattering (DLS) measurements were performed on a Malvern 4700 light scattering apparatus with a 488 nm laser, a Malvern 7032 correlator and a PC27 stepper motor controller. Measurements were performed at 25 o C with a scattering angle of 90 o .
-UV-Vis spectroscopy UV-Vis spectroscopy was performed on a Hewlett-Packard 8453 spectrometer with a wavelength range of 200 to 1100 nm.
-Electrical conductivity measurements
For the polymer -CNT composite films, graphite contact points were drawn on the film surface and 4-and 2-point direct current (DC) conductivity measurements were performed. The resistivities of the composites were measured with a Keithley 6512 programmable electrometer and a Keithley 220 Programmable current source.
-Differential scanning calorimetry (DSC)
Differential scanning calorimetry (DSC) was performed on a TA Instruments Advanced Q100. The temperature range 40 to 150 o C was scanned at a rate of 20 o C.min -1 . The second heating run was used for T g determination.
